Three new compounds in the AE-Si-P (AE = Sr, Eu, Ba) systems are reported. Sr2SiP4 and Eu2SiP4, the first members of their respective ternary systems, are isostructural to previously reported Ba2SiP4 and crystallize in the noncentrosymmetric I42d (no. 122) space group. Ba4Si3P8 crystallizes in the new structure type, in P21/c (no. 14) space group, mP-120 Pearson symbol, Wyckoff sequence e30. In the crystal structures of Sr2SiP4 and Eu2SiP4 all SiP4 tetrahedral building blocks are connected via formation of P-P bonds forming a three-dimensional framework. In the crystal structure of Ba4Si3P8, Si-P tetrahedral chains formed by corner-sharing, edge-sharing, and P-P bonds are surrounded by Ba cations. This results in a quasi-one-dimensional structure. Electronic structure calculations and UV/Vis measurements suggest that the AE2SiP4 (AE = Sr, Eu, Ba) are direct bandgap semiconductors with bandgaps of ca. 1.4 eV and have potential for thermoelectric applications.
Introduction
With the discovery of Li10GeP2S12, a remarkable solid Li-ion conductor, there have been numerous studies to understand and improve various aspects of the solid ionic conductors based on tetrel-pnictide-chalcogenides. [1] [2] [3] [4] [5] [6] [7] [8] [9] The crystal structure of Li10GeP2S12 is formed by [PS4] 3and [GeS4] 4clusters surrounded by mobile Li + counter ions. [3] This discovery stimulated the search for other main group framework solids containing electropositive metals. Several new Liphosphidosilicates (Li10Si2P6, Li8SiP4, Li3Si3P7, Li2SiP2, LiSi2P3) with high Li ion mobility have been recently discovered in a ternary Li-Si-P system in which only one phase, Li5SiP3, was previously reported. [10] [11] [12] [13] Ternary tetrel-pnictides with cations other than Li, in A-Tt-Pn systems (A = electropositive cation; Tt = Si, Ge; Pn = P, As), have been intensively investigated, though. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Tetrel-pnictide frameworks have shown great diversity in terms of their crystal structures, ranging from zero-dimensional isolated TtPn4 tetrahedra (A4TtP4; A = Ca, Sr, Ba; Tt = Si, Ge), one-dimensional chains (K2SiP2, Ca3Si2P4), two-dimensional layers (Li2SiP2, Ca2Si2P4, Li1-xSn2+xAs2), to three-dimensional frameworks (MgSiAs2, Mg3Si6As8, Ca3Si8P14). [10, 19, [25] [26] [27] [28] The major building unit in these compounds is the TtPn4 tetrahedron which can be connected via corner-and edge-sharing, and via homoatomic Pn-Pn bonds (Figure 1 ). Some of the produced crystal structures are noncentrosymmetric, for example the II-IV-V2 chalcopyrite family (II = Mg, Zn, Cd; IV = Si, Ge, Sn; V = P, As, Sb), leading to their intensive study for nonlinear optical applications. [16, [19] [20] [21] [22] 29] Our group has recently synthesized the first compounds in the Mg-Si-As system, MgSiAs2 and Mg3Si6As8. [19] In 2015, three new Ca-Si-P compounds were reported by Zhang et al. [27] Our work was inspired by the numerous structural arrangements displayed by Ca-Si-P systems and Si-P frameworks in general ( Figure 1 ) coupled with the lack of known alkaline earth silicon phosphides. Herein we report three new structures, AE2SiP4 (AE = Sr, Eu) and Ba4Si3P8, which crystallize in the tetragonal space group I4 � 2d (No. 122) and the monoclinic space group P21/c (No. 14), respectively. 
Results/Discussion
During our exploration of the Ba-K-P system we came across the Ba4Si3P8 phase. This phase can be synthesized in reasonable yields, but single-phase samples were not achieved. In subsequent attempts to synthesize this phase, Ba2SiP4 was also discovered, which was recently reported. [30] Our initial synthesis of the Ba2SiP4 phase was from elements, similar to that of Haffner and Johrendt. [30] We developed an alternative synthesis by utilizing BaP2 precursor. Due to the ease of synthesis of Ba2SiP4 through use of the binary phosphide, similar attempts to synthesize Sr and Eu analogues with SrP2 and EuP2 precursors were employed. Sr2SiP4 can be produced in high yield with small amounts of admixture. The crystallinity of the Eu2SiP4 sample was found to be significantly less than that of the Sr analogue and the sample contains significant amount of EuP3 and unidentified admixture. (Table 1 ). The crystal structure is complex with 120 atoms in the unit cell ( Figure 2 ). Due to similar scattering factors for Si and P, the difference in the coordination numbers of P (CN = 1-3) and Si (CN = 4) were used to assign initial positions. This resulted in the Ba4Si3P8 composition. Refining partial occupancies for these assigned Si and P sites resulted in values within 2 standard deviations of unity. However, switching P to Si or Si to P resulted in much larger variations of occupancies on the order of 4-5 standard deviations, which suggests the initial assignment of positions is correct. The one-dimensional structure of Ba4Si3P8 ( Figure 2 ) is formed through chains of SiP4 tetrahedra which are interconnected through a combination of corner sharing, edge sharing, and P-P bonds. The chains are counterbalanced by surrounding Ba atoms. Assigning formal oxidation states of Ba 2+ , Si 4+ , [P2] 4for phosphorus dumbbells, and P 3for isolated P atoms leads to the formula (Ba 2+ )4(Si 4+ )3(P 2-)4(P 3-)4 which is electron-balanced.
Several isopointal compounds with the same Wyckoff sequence have been reported but the connectivity of the anionic fragments is different from that in Ba4Si3P8. For example, in the crystal structure of K6Sn2Se7, the isolated [Sn2Se7] 6units composed of two corner-sharing SnSe4 tetrahedra are present. [31] Based on this analysis we consider Ba4Si3P8 to crystallize in a new structure type.
Figure 2.
Top: Crystal structure of Ba4Si3P8. Bottom: an isolated chain of SiP4 tetrahedra exhibiting three different modes of connectivity: corner-sharing, edge-sharing, and P-P bonds. Ba: teal; Si: grey; P: red. Unit cell is shown as black lines.
The crystal structure of AE2SiP4 (AE = Sr, Eu) is shown in Figure 3 . To the best of our knowledge, these are the first synthesized compounds in the corresponding AE-Si-P ternary systems. These compounds crystallize in the tetragonal space group I4 � 2d (No. 122) and are isostructural to Ba2SiP4. The structure is composed of a [SiP4] 4tetrahedral framework in which the tetrahedra are solely linked by P-P bonds, previously only reported in the Ba2SiP4 case. [30] The [SiP4] 4framework forms channels along the c-axis which are filled with the +2 cations. Assuming the formal oxidation states as AE 2+ and Si 4+ , and phosphorus dumbbells to be [P2] 4-, both compounds are electron-balanced, (AE 2+ )2Si 4+ (P 2-)4.
Despite similar scattering factors for Si and P, the crystal quality allowed for unambiguous determination of the atomic identity. When either the P position was refined as Si or the Si was refined as P, the R-values increased substantially and the atomic displacement parameters for the incorrectly assigned site became unreasonably small or large. Single crystal refinement parameters are shown in Table 1 . As expected, due to similar sizes for Sr 2+ (1.26 Å) and Eu 2+ (1.25 Å) for CN = 8, the Sr2SiP4 and Eu2SiP4 compounds are similar in terms of unit cell volume, with the Eu compound having the smallest volume (Table 1 ). [32] In turn, the unit cell volume for Ba2SiP4 is significantly larger, as expected from the larger radius for Ba 2+ , 1.42 Å for CN = 8. [32] Considering the significant shrinking of the unit cell observed, the Si-P and P-P distances are slightly shorter in the Sr-and Eu-containing compounds than those distances found in Ba2SiP4. The largest change is observed in the shortest AE-AE distances which shrinks by approximately 0.1 Å when comparing Ba-and Eu-containing compounds ( Table 2 ). Low temperature refinement of Ba2SiP4 resulted in almost identical Si-P and P-P bond lengths compared to those previously reported at ambient temperature, suggesting a largely covalent nature of the bonds in these structures. [30] In contrast to the simple AE2SiP4 (AE = Sr, Ba, Eu) tetrahedral arrangement, where all SiP4 tetrahedra are connected exclusively through P-P bonds, Ba4Si3P8 exhibits a much more complex connectivity, combining several different bonding schemes observed in other silicon phosphides. [14, 15, 30, 33] The SiP4 chains are formed through distorted tetrahedra in which Si-P bonds range from 2.181(2)-2.392(2) Å which is in good agreement with other ternary metal silicon phosphides. [12, 14, 26, 34, 35] A few Si-P bonds are exceptionally long, only comparable to distances observed in CoSi3P3 (2.388 Å), [Si40P6]I6.5 (2.369 Å), and SiP2 (2.398 Å). [35] [36] [37] The P-P bonds that connect the tetrahedra are found to be 2.189(2)-2.235(2) Å, which are typical for P-P bonds. [38] [39] [40] [41] Considering the nearest P atoms within 3.8 Å from Ba, the Ba atoms are 7-, 8-, and 9-coordinated. The typical Ba-P distances are between 3.2-3.4 Å, which is consistent with reported values. [25, 30, 34, 38, 39] The shortest Ba-P interactions are in the range of 3.04-3.27 Å. Such short distances are uncommon, but are seen in Ba4P3 (3.088 Å), Ba5P5I3 (3.04 Å), and Ba7Ga4P9 (2.96 Å). [42] [43] [44] The electronic structure of Ba2SiP4, Sr2SiP4, and Ba4Si3P8 were calculated using the Vienna Ab initio Simulation Package (VASP) (Figure 4 ). The calculated band gap of Ba2SiP4 was determined to be 0.92 eV, in good agreement with reported value. [30] The band gap of Sr2SiP4 was found to be slightly smaller at 0.84 eV. Both calculated band gaps are consistent with the black color of powdered samples. However, these computational methods using PBE (Perdew, Burke, and Ernzerhof) functional often underestimate the band gap, therefore the actual band gap is expected to be larger. Experimental UV-Vis diffuse reflectance was performed on both samples for comparison. Tauc plots ( Figure 5 ) analyses suggest the compounds are direct band gap semiconductors with band gaps of 1.45(1) eV and 1.41(1) eV for Ba2SiP4 and Sr2SiP4 respectively. These values are larger than our calculations as expected, but the trend agrees with computational predictions.
The density of states (DOS) for Ba2SiP4 reveals the valence band is dominated by P, with smaller contributions from Ba and Si. The conduction band is dominated by mixed Ba and P contributions, with a small contribution from Si. The DOS for Sr2SiP4 is similar, however the conduction band shows a more equal contribution from Sr and P than what is observed in the Ba analogue. Based on the dramatic increase of states at the Fermi level, the AE2SiP4 (AE = Sr, Eu, Ba) compounds may have a potential for thermoelectric applications. [45, 46] The calculated band gap of Ba4Si3P8 is larger than the other two compounds, at 1.22 eV. The DOS (Figure 4 ) reveals similar trends in Ba4Si3P8 electronic structure that are observed for (6) the AE2SiP4 (AE = Sr, Ba) phases. The valence band is dominated by P orbitals with small contributions from Ba and Si, while the conduction band is a mixture of Ba, P, and Si contributions. The contribution of Ba in the conduction and valence bands are mostly attributed to the 5d-orbitals. 
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Conclusion
Three new structures in the AE-Si-P (AE = Sr, Eu, Ba) systems are reported. Two phases, Sr2SiP4 and Eu2SiP4, are the first compounds reported in the corresponding ternary systems and are isostructural to the previously reported Ba2SiP4. [30] These two structures further expand the family of silicon phosphides in which SiP4 tetrahedra are entirely connected through P-P bonds. Band structure calculations and UV-Vis experiments suggest that the AE2SiP4 (AE = Sr, Eu, Ba) family are direct band gap semiconductors and may hold potential for thermoelectric applications. Additionally, the third phase, Ba4Si3P8, crystallizes in a new structure type and exemplifies the structural and bonding diversity available to phases composed of interconnected SiP4 tetrahedra, showcasing three distinct SiP4 connectivities in one system: corner sharing, edge sharing, and P-P bonds. The space group I4 � 2d is well known to give rise to the unique properties of nonlinear optical materials, and AE2SiP4 (AE = Sr, Eu) expands the number of structures which crystallize in this noncentrosymmetric group. Given the complex structural arrangements that can arise from Si-P frameworks and the recent discoveries of noncentrosymmetric MgSiAs2 and Mg3Si6As8, further exploration of these systems is underway.
Experimental
Synthesis:
The starting materials were metallic Ba (Sigma Aldrich, 99.9%), Sr (Sigma Aldrich, 99.9%), and Eu (Ames Lab, 99.9%); Si powder (Alfa Aesar, 99.99%); and red P powder (Alfa Aesar, 98.9%). Samples were prepared in an argon filled glovebox and sealed inside evacuated carbonized silica ampoules. The ampoules were then heated in a muffle furnace between 973-1273 K. The AE2SiP4 (AE = Sr, Eu) and Ba4Si3P8 phases are air-sensitive and degrade significantly within 30 minutes of air exposure.
A crystal of Ba4Si3P8 was first found as a product of the synthesis of a K2BaP4 sample with the Si source believed to be the silica ampoule reduced by potassium. The phase was later found to form by heating a mixture of Ba, Si, and P in a 2:1:4 ratio respectively. The elements were heated over 17 hours to 1273 K and annealed at this temperature for 48 hours, afterwards the furnace was turned off.
Sr2SiP4 and Eu2SiP4 were synthesized through the mixing of binary SrP2 or EuP2 precursors with Si powder in a 2:1 ratio, respectively. SrP2 and EuP2 precursors were synthesized as previously reported by our group. [38, 47] Sr2SiP4 crystals were obtained from a sample heated to 1223 K over 17 hours and annealed at this temperature for 48 hours, afterwards the furnace was turned off. Crystals of Eu2SiP4 were similarly obtained following a second grinding and heating of the sample to 1073 K over 10 hours and annealing at this temperature for 72 hours, afterwards the furnace was turned off.
Powder patterns of the synthesized Ba4Si3P8 and AE2SiP4 (AE = Sr, Eu, Ba) phases are shown in Figure 6 . Moderate to high yields of Ba4Si3P8, Sr2SiP4, and Ba2SiP4 were achieved, but single-phase samples were not synthesized. The Eu2SiP4 samples were significantly less crystalline and in low yield, with a combination of EuP3 and unidentified admixture.
Powder X-ray diffraction: Powder X-ray diffraction (PXRD) was performed using a Rigaku Miniflex 600 with Cu-Kα radiation and a Ni-Kβ filter. Samples were measured using modified air-free holders loaded in an argon filled glovebox. The holders were composed of a zero-background silicon base and Kapton film cap. The empty holder patterns were subtracted from the experimental patterns. Single Crystal X-ray Diffraction: Single crystal X-ray diffraction was performed using either an APEX-II or Bruker D8 Venture diffractometer, both using Mo-K α radiation. The datasets were collected at 90 or 100 K under a N2 stream with ω-scans recorded at a 0.4° step width and integrated with the Bruker SAINT software package. Structure determination and refinement of the crystal structure was carried out using the SHELX suite of programs. [48] Further details of the crystal structure determination may be found through Cambridge Crystallographic Data Centre by using CCDC-1870633 (Sr2SiP4), CCDC-1870634 (Eu2SiP4), and CCDC-1870635 (Ba4Si3P8).
Electronic Structure Calculations:
The Vienna Ab initio Simulation Package (VASP) was used for atomic structure optimizations and density of states. [49, 50] Projected augmented wave (PAW) method and generalized gradient approximation with exchange and correlation potentials as constructed by Perdew, Burke, and Ernzerhof were used with an energy cutoff of 500 eV and convergence set to 0.01 meV. [51, 52] The linear tetrahedron method was used for integrations involving the irreducible wedge of the Brillouin Zone, using 13×13×13 (AE2SiP4, AE = Sr, Ba) or 8×5×8 (Ba4Si3P8) Monkhorst-Pack k-points meshes. [53, 54] UV-Vis: A BLACK-Comet C-SR-100 spectrometer was used for UV-Vis diffuse reflectance spectra from 200-1080 nm. Samples were heat sealed under argon in clear polyethylene bags to avoid oxidation. A blank measurement of an empty polyethylene bag was used as a reference.
